Background: Our aim was to assess the cumulative risk of false-positive screening results, screen-detected cancer, and interval breast cancer in mammography screening among women with and without a previous benign breast disease and a family history of breast cancer.
mostly biennially, between the age of 50 and 69 years, independently of any risk factors or personal characteristics. Personalised breast cancer screening strategies have been proposed based on individual breast cancer risk. These strategies aim to improve the balance of benefits and harms of breast cancer screening by offering different screening frequency and modalities to invited women according to their breast cancer risk. Lately, several modelling studies have evaluated the effect of personalised breast cancer screening strategies (Schousboe et al, 2011; Vilaprinyo et al, 2014) . Nevertheless, observational studies evaluating the benefits and harms of screening in women with distinct breast cancer risk profiles are scarce, and their results are still limited. Long-term assessment of the benefits and harms of women in the target population throughout their sequential participation in a screening programme is of the outmost importance to design personalised screening strategies aiming to stratify women according to their individual risks.
Benign breast disease and a family history of breast cancer are strong risk factors for breast cancer (Pharoah et al, 1997; Hartmann et al, 2005) and have been proposed as criteria for risk stratification. However, their long-term effect on breast cancer risk prediction throughout a women's screening life span and their impact on screening outcomes, such as the cumulative risk of falsepositive screening results or interval cancer, has not been evaluated together in an observational study.
We aimed to assess the cumulative risk of false-positive screening results, screen-detected cancer, and interval breast cancer in women with and without a previous benign breast disease or a family history of breast cancer who were biennially screened at the age of 50-69 years in a population-based breast cancer screening programme.
MATERIALS AND METHODS
Setting and study population. Population-based screening in Spain started in 1990 in a single setting and became nationwide in 2006. The programme has been described in detail elsewhere (Castells et al, 2006; Ascunce et al, 2010) . In brief, breast cancer screening in Spain is government-funded, and follows the recommendations of the European Guidelines for Quality Assurance in Breast Cancer Screening and Diagnosis (Perry et al, 2006) . The programme is organised into administrative screening settings responsible for the local application of screening in their area. Women aged 50-69 years are invited to participate in the screening programme every 2 years by written letter to a two-view mammography. Screening mammograms are interpreted by trained breast radiologists. Prior mammograms are retrieved for comparison at subsequent screens. Screening mammograms are classified according to the BI-RADS scale or equivalent (Ascunce et al, 2010) . Women with abnormal mammographic findings are recalled for further assessments to confirm or rule out malignancy. Further assessments take place 1-4 weeks after the screening examination and include additional imaging, ultrasound, and invasive procedures. Women without a diagnosis of breast cancer after further assessment are referred back to routine screening, while women diagnosed with breast cancer are referred for treatment. All breast malignancies are histopathologically confirmed by trained pathologists.
The study was based on individual level data from three settings of the screening programme in Spain (Girona, and two areas in Barcelona) that routinely gather information on previous benign breast diseases and family history of breast cancer in women participating in the programme. Data for the study comprised information about the screening period 1996-2011 and follow-up until December 2012. Data were obtained from the databases of the screening centres and approval for their use was granted by the review boards of the institutions providing data. Informed consent was not required since the analyses were based on anonymised retrospective data.
We included all women first screened at age 50-51 years during the study period. The analyses included a women's first and all subsequent examinations. Women first screened at age 52 years or older were not included in the analyses, as they could not potentially benefit from 10 sequential biennial screening examinations from ages 50 to 69 years. Of the initial study population of 43 192 women, we excluded 132 women because they had missing information on previous benign breast disease, 108 because of missing information on family history, and 24 because of missing information on both previous benign breast diseases and family history. This left 42 928 women for analysis. Women with breast implants or a breast cancer diagnosis before their first screening exam are routinely excluded from the target population of the screening programme, and thus they were not included in the initial study population.
Definition of outcome measures. A false-positive screening result was defined as a recall for further assessment where no breast cancer was confirmed, regardless of the procedures performed (additional imaging and/or invasive procedures with a benign outcome). A screen-detected cancer was defined as breast cancer (ductal carcinoma in situ (DCIS) or invasive cancer) diagnosed as a result of further assessment due to abnormal findings on the screening mammogram interpretation. We defined an interval cancer as a breast cancer diagnosed within 24 months after a negative screening examination, with or without an invasive procedure, and before the next screening examination. Crude rates were calculated as the number of recalls for further assessments, the number of false-positive screening results, the number of screen-detected cancers, and the number of interval cancers, divided by the number of screening tests throughout the study period.
Information on previous benign breast diseases and first-degree family history of breast cancer was obtained from face-to-face interviews performed by trained professionals at the time of mammography in women invited to the screening programme for each screening participation. A woman was considered to have a history of a previous breast disease with a benign outcome if she reported a prior diagnosis of a benign breast disease. A family history of breast cancer was defined as having at least one firstdegree relative with a history of breast cancer.
Statistical analysis. We used discrete-time survival models to estimate the cumulative risks of false-positive screening results, screen-detected cancer, screen-detected breast cancer stratified by histological type (DCIS or invasive), and interval breast cancer. The women contributed data from the time of their first screening exam until censoring or end of follow-up (31 December 2011). Women were censored at the event of interest, or last screening participation, whichever came first.
The regression models included the number of screening rounds attended, previous benign breast disease, and family history of breast cancer. The number of screening rounds attended was the discrete time-scale in the regression models, covering 16 years of follow-up. Previous benign breast disease was classified as the presence or absence of a previous benign breast disease, and family history as the presence or absence of a first-degree family history of breast cancer. Because information on benign breast disease and family history was collected at each screening participation and could vary over time, they were introduced as time-changing variables in the regression models. Separate models were used to estimate the risks for each screening outcome.
Previous studies have reported that the risk of false-positive screening results is dependent on the number of screening rounds attended by an individual, that is, dependent censoring (Hubbard and Miglioretti, 2013) . In our study population, because reattendance was lower in women with a false-positive result than in those with negative tests (Roman et al, 2011) , the risk of a falsepositive screening result was adjusted for dependent censoring. This adjustment included the total number of screening rounds attended, ranging from one to eight, in addition to the standard model. Women diagnosed with a screen-detected cancer or interval breast cancer are not invited to participate in the screening programme again (censoring event). Consequently, estimation of the discrete-time survival model adjusted for dependent censoring was not relevant for screen-detected and interval cancer .
We tested interaction terms between previous benign breast disease and family history of breast cancer in all models, but found no significant interactions. The cumulative risk of each screening outcome was calculated as the risk for each screening round multiplied by the proportion of women without the event of interest until that screening round. The cumulative risk up to the previous screening round was then added. We estimated the cumulative risk of screening outcomes up to 10 biennial screening rounds in women aged 50-69 years. Because the number of women who attended more than seven screening rounds was small, we extrapolated our estimates for screening rounds 8-10, assuming that the risk was equal to that of the seventh round. Estimates up to the observed seventh screening round and estimates extrapolated up to the tenth screening round are presented in the tables. We calculated 95% confidence intervals (95% CI) for cumulative risk using the formula based on the Greenwood variance (Singer and Willett, 2003) . Data were analysed using IBM SPSS Statistics version 21 (Armonk, NY, USA) and R statistical software version 3.2.3 (www.r-project.org).
RESULTS
Our study included 127 104 screens from 42 928 women first screened at age 50-51 years. The crude rate of recalls for further assessment was 71.4 per 1000 screens, the rate of false-positive screening results was 60.7 per 1000 screens, while the rate of screen-detected cancer and interval cancer was 4.2 and 1.2 per 1000 screens, respectively (Table 1) .
Of the women screened, 74.7% (n ¼ 32 062) had no previous benign breast disease or family history of breast cancer, 17.3% (n ¼ 7443) had a previous benign breast disease, 5.3% (n ¼ 2265) had a first-degree family history of breast cancer, and 2.7% (n ¼ 1158) had both, a benign breast disease and a family history of breast cancer. Women participating in the programme had an average of 3.0 screens. Almost half of screened women had three or more screens (49.6%), and more than one-fifth had five or more screens (21.6%; Table 2 ). Table 3 shows the cumulative risk of screening outcomes up to the seventh screening round and extrapolated up to 10 screening rounds for women with and without a previous benign breast disease or a family history of breast cancer. The cumulative risk of screen-detected breast cancer and interval cancer was higher in women with than in women without previous benign breast disease or a family history. An increased cumulative risk of false-positive screening results was also found in women with a benign breast disease and in those with both a benign breast disease and a family history of breast cancer. In women without a previous benign breast disease or a family history, the cumulative risk of falsepositive screening results after 10 biennial screening exams was 23.1% (95% CI, 22.1-24.1), the risk of screen-detected cancer was 3.2% (95% CI, 2.6-3.7), and the risk of interval cancer was 0.9% (95% CI, 0.6-1.1). In women with a benign breast disease and no family history the risk of false-positive screening results was 36.6% (95% CI, 33.7-39.6), the risk of screen-detected breast cancer was 5.3% (95% CI, 3.8-6.9), and the risk of interval cancer was 1.4% (95% CI, 0.8-2.1). In women with a family history of breast cancer, the risk of false-positive screening results was 24.1% (95% CI, 20.7-27.5), that of screen-detected breast cancer was 6.8% (95% CI, 4.0-9.5), and that of interval cancer was 1.6% (95% CI, 0.5-2.7). Women were first screened at the age of 50-51 years; screened biennially from age 50 to 69 years.
Women with both a benign breast disease and a family history of breast cancer had the highest cumulative risk of screening outcomes after 10 biennial screening exams. The estimate was 37.9% (95% CI, 32.2-43.7), 9.0% (95% CI, 5.1-13.0), and 3.2% (95% CI, 1.0-5.3), for the risk of a false-positive result, screendetected cancer, and interval cancer, respectively. We also found a higher cumulative risk of DCIS and invasive breast cancer in women with than in women without a previous benign breast disease or a family history of breast cancer (Table 3) . Compared with women without a previous benign breast disease or family history, women with a benign breast disease had an increased risk of 1.6 (95% CI, 1.5-1.7), 1.7 (95% CI, 1.5-1.9), and 1.7 (95% CI, 1.3-2.1) times the risk for false-positive results, screen-detected cancer, and interval breast cancer, respectively (Figure 1 ). Women with a family history of breast cancer had a similar risk 1.0 (95% CI, 0.9-1.1) for a false-positive screening result, but had an increased risk of 2.1 (95% CI, 1.8-2.5) for screendetected breast cancer, and of 1.9 (95% CI, 1.4-2.6) for interval cancer. Women with a previous benign breast disease and a family history of breast cancer had the highest increased risk of 1.6 (95% CI, 1.5-1.8), 2.8 (95% CI, 2.3-3.6), and 3.7 (95% CI, 2.5-5.5) times the risk for a false-positive result, screen-detected breast cancer, and interval cancer, respectively.
DISCUSSION
We found that women with a previous benign breast disease or a family history of breast cancer had higher cumulative risks of favourable and unfavourable screening outcomes than women without these characteristics. The risks were highest for women with both, a previous benign breast disease and a family history 
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Risk ratio Figure 1 . Risk ratios for the cumulative risk of breast cancer screening outcomes by risk profile for women biennialy screened at age 50-69 years. Risk ratios for the cumulative risk of (A) false-positive screening results, (B) screen-detected cancer, and (C) interval breast cancer by risk profile based on the presence or absence of previous benign breast disease and family history of breast cancer, considering 'absence of benign breast disease or family history' as the reference.
of breast cancer. The cumulative risk of false-positive results was similar for women with and without a family history of breast cancer. This is the first study to estimate the cumulative risk of falsepositive screening results, screen-detected breast cancer, and interval cancer over a women's screening life span for women with and without a previous benign breast disease or a family history of breast cancer. There is extensive evidence that a benign breast disease and a family history increase the risk of breast cancer (Pharoah et al, 1997; Hartmann et al, 2005) . However, outcome measures such as false-positive screening results and interval breast cancer have been little evaluated in women with these characteristics. Moreover, the long-term effect over 10 biennial screening exams for women with benign breast disease and a family history of breast cancer remains largely unknown. Our findings provide some first insights into the relative balance of benefits and harms of screening for women with and without a previous benign breast disease or a family history of breast cancer. A modelling study carried out in Spain, which partly used data from our study population, investigated personalised breast cancer screening strategies, including having a previous benign breast disease and a family history of breast cancer as risk factors to stratify women, together with breast density (Vilaprinyo et al, 2014) . The study concluded that optimal screening was characterised by longer screening intervals (quinquennial or triennial) for women with low or moderate risk, and annual intervals for the high-risk group.
We found that women with a previous benign breast disease had a higher cumulative risk of false-positive results, screen-detected cancer, and interval cancer, whereas women with a family history of breast cancer had an increased cumulative risk of screendetected cancer and interval cancer but did not show a significantly increased cumulative risk of false-positive results. Previous studies from the USA have found a moderately increased cumulative risk of false-positive results in women with a family history of breast cancer (Hubbard et al, 2011) , while a study carried out in the Netherlands found a larger effect . In previously published studies from the population-based screening programme in Spain, we reported a minor elevated risk of falsepositive results in women with a family history of breast cancer (Roman et al, 2012) , which is consistent with the current results. The non-increased risk found in women with a family history of breast cancer may be partially explained by the availability of prior mammograms for comparison at subsequent screens for radiologists interpreting the mammograms. In the Netherlands, radiologists also have access to prior mammograms, but their falsepositive recall rate is traditionally much lower than that of other European countries (van Luijt et al, 2013) , which could emphasise the differences between family history groups. Another likely explanation is that family history in our study population may be a strong marker for breast cancer risk, but not for benign suspicious findings at mammography reading. This idea is consistent with the increased cumulative risk of breast cancer found in women with a family history of breast cancer in this and previous studies (Roman et al, 2012) .
One-fourth of the study population had a previous benign breast disease or a family history of breast cancer. The impact of the increased cumulative risk of screen-detected cancer and interval breast cancer in these women translates into nearly 40% of breast malignancies (screen-detected and interval breast cancer) being diagnosed in women with at least one of these characteristics. The results of modelling studies investigating risk-based screening strategies showed that strategies based on individualised risk, including a benign breast disease and a family history of breast cancer, could improve the effectiveness of breast cancer screening (Schousboe et al, 2011; Vilaprinyo et al, 2014) . Consequently, there is a need for observational studies investigating breast cancer mortality and overdiagnosis in women with a benign breast disease or a family history of breast cancer.
Previous research has indicated that if the event of interest leads to discontinuation of screening (censoring), adjustment for dependent censoring in the estimates is advisable to avoid bias (Hubbard and Miglioretti, 2013) . This is likely for false positives. In our study population, women with a false-positive result had a slightly lower re-attendance rate than women with negative tests (Roman et al, 2011) . We adjusted our false-positive estimates for dependent censoring by marginalising the cumulative risk over the attendance probability.
A major strength of this study is that the data were obtained from a well-established population-based screening programme with an average participation rate of 67% of invited women, and a re-attendance rate of 91.2% (Ascunce et al, 2010) . We analysed information obtained from 16 years of follow-up from all women who attended their first screening exam at the age of 50-51 years, providing representativeness of the targeted population of screening and minimising selection bias. This information allowed us to provide robust estimates for the cumulative risk of screendetected cancer, interval cancer, and false-positive screening results.
However, the study has several limitations. First, none of the participants had the possibility of receiving 10 biennial screening invitations during the study period, which led us to extrapolate the estimated risk for the eighth to tenth examination. We considered the bias introduced by extrapolation to be small because previous studies have shown that risk estimates in advanced screening rounds remain stable, which minimises a possible bias (Hubbard and Miglioretti, 2013; Roman et al, 2012 Roman et al, , 2013a . Also, because we selected only women first screened at age 50-51 years for analyses, which ensured that the dynamics of the study population were similar through subsequent screening rounds. Moreover, the rates of screen-detected cancer have remained stable for the 16 years since mammographic screening started is Spain (Roman et al, 2013b) . Another limitation was that information on previous benign breast disease and family history of breast cancer was self-reported at the time of screening examination. However, the information was assessed for each screening participation and was introduced as time-changing variables in the statistical analyses, which minimised possible bias. In addition, the proportion of women with a benign breast disease or a family history of breast cancer in this study is similar to that in previous published studies (Tice et al, 2013; Ripping et al, 2016) , which lends validity to our findings. Finally, the subgroup of women with a previous benign breast disease and a family history was small (2.7% of women in the study population), which may have resulted in wider CIs for the estimates.
CONCLUSION
Our results show that, in general, women with a previous benign breast disease or a family history of breast cancer have a higher long-term risk of favourable and unfavourable screening outcomes than women without these characteristics. The risk was even higher in women with both, a previous benign breast disease and a family history of breast cancer. The results emphasise the differences in risk profiles among screening attendees, which provide useful information to stratify women according to their individualised risk. Before giving personalised screening recommendations, there is a need for further research estimating the breast cancer mortality reduction and overdiagnosis in these groups of women.
